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>Molecular-size-distribution (MSD)-dependent aggregation of humics was investigated. 
>Larger molecular size fractions selectively coagulated by Na and Ca. 
>The MSD dependence was attributed to non-specific binding of Na and Ca to humics. 
>Large and small molecular size fractions concurrently coagulated by Ag and Eu. 













































































Molecular-size-distribution (MSD)-dependent aggregation of Fluka and International 
Humic Substance Society humic acids (HAs) in the presence of Na(I), Ca(II), Ag(I), and 
Eu(III) were studied using high-performance size-exclusion chromatography. Larger 
molecular size fractions (>8000 Da) rich in aliphatic carbons were observed to 
aggregate in the presence of Na(I) and Ca(II), whereas both large and small molecular 
size fractions concurrently aggregated in the presence of Ag(I) and Eu(III). In view of 
the non-specific binding of Na(I) and Ca(II) with HAs, the electric-field screening effect 
is probably the main cause of HA aggregation by Na(I) and Ca(II), preserving the 
intrinsic hydrophobicity of the HAs. Reduced surface charges and the hydrophobic 
heterogeneities of different MSD fractions of HAs by direct binding of Ag(I) and 
Eu(III) are postulated to induce insignificant dependence of aggregation on the different 
MSD fractions. 
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Humic substances (HS) are the most abundant heterogeneous organic matter 
found in surface environments [1]. Such substances are classified into soluble fulvic 
acids (FA) and insoluble humic acids (HA) at pH values less than one, and insoluble 
humin at any pH value. In aquatic environments, FA and HA aggregate in response to 
increases in ion concentrations [2–7], thereby affecting the toxic metal migration 
associated with HS. The molecular weights of HA range from 500 to 20 000 Da [8–13], 
and this may induce molecular-size-distribution (MSD)-dependent aggregation of HA 
as a result of the rise in ion concentrations. Currently, only a handful of limited studies 
have been performed on this topic (e.g., [4,14,15]). 
In this context, we focused on the occurrence and extent of MSD-dependent 
aggregation of HA, using high-performance size-exclusion chromatography (HPSEC). 
Na(I) and Ca(II) were used to induce HA aggregation because both ions are commonly 
found in natural waters. Eu(III) was included as a metal ion with a relatively high 
stability constant [16,17] with HA. Ag(I) was included as a “soft” monovalent ion that 
strongly binds to HA compared to a “hard” monovalent ion such as Na(I) [18]. The 
chemical structures of the aggregates (trapped on 0.45-µm filters) and non-aggregated 
(filtered) fractions were also examined using 13C NMR. For comparison, two kinds of 
HA were employed in this study. 
 
2. Material and methods 
 
2.1. Aggregation experiments 
 
Fluka HA and Peat HA were purchased from the Fluka Chemical Corp. 
(Milwaukee, WI, USA) and International Humic Substance Society (IHSS), 
respectively. The ash and acid functional group contents are summarized in Table 1. 
Stock solutions were prepared by dissolving 12.5 mg of each HA in 0.1 mol L−1 NaOH. 
After stirring the solutions overnight, the pH values were adjusted to a neutral value by 
adding 0.1 mol L−1 HClO4 and NaOH. The solution volumes were fixed at 25 mL using 
volumetric flasks after filtration through 0.45-µm filters to reduce the ash contents of 
the HAs [19]. The removed HAs by the filtration was negligible, as estimated from the 
total organic carbon (TOC) concentrations before and after the filtration. Stock 
solutions of 3.5 mol L−1 Na(I), 0.3 mol L−1 Ag(I), 0.5 mol L−1 Ca(II), and 1−10 mmol L−1 
Eu(III) were prepared by dissolving sodium chloride, silver perchlorate monohydrate, 
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calcium chloride, and europium nitrate hexahydrate, respectively. The pH values of 
these solutions were adjusted to slightly acidic values by adding minute amounts of 1 
mol L−1 HCl, 0.1 mol L−1 HNO3, or 0.1 mol L−1 HClO4. All chemical compounds were 
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan), as guaranteed 
reagent grade. 
Using the stock solutions, 50 mg L−1 of the HA solutions in the presence of 
Na(I) (0−3.5 mol L−1), Ag(I) (0−20 mmol L−1), Ca(II) (0−20 mmol L−1), and Eu(III) 
(0−70 µmol L−1), respectively, were prepared without adding supporting electrolytes. 
The pH values of the samples were adjusted to slightly acidic to neutral by adding 
predetermined volumes of 1 mmol L−1 HClO4. After shaking the samples overnight at 
25 °C in the dark using a shaking apparatus with automatic temperature adjustment, the 
solutions were filtered through 0.45-µm filters to remove aggregated HA fractions, and 




The HPSEC system consisted of a Hitachi model L-6000 pump (Hitachi, 
Tokyo, Japan), an L-5020 column oven (kept at 30 °C), a Rheodyne 7125 injection 
valve with a 20-µL sample loop, and a Hitachi model L-2420 UV-Vis detector. The 
separation was performed using a stainless-steel gel-permeation chromatography (GPC) 
column (Hitachi GL-W530: 30 cm × 10.7 mm ID) packed with a water-soluble 
polyacrylate gel resin. A guard column packed with the same materials (5 cm ×10.7 mm 
ID) was used to protect the GPC column. According to the manufacturer’s 
specifications, the approximate upper exclusion limit was 50 000 Da (calibrated with 
pullulan). The specific interaction of HA with the column (ionic expulsion and specific 
adsorption [12]) was minimized by the flow of a proper mobile phase (0.01 mol L−1 
Tris-HCl buffer at pH 8.0 in a 0.01 mol L−1 NaCl solution [11]) at the flow rate of 1 mL 
min−1. The recovery of the HA through the column was more than 75%, as determined 
by comparing the total UV (280 nm) peak areas for the HA samples passing through 
and bypassing the column. 
Polystyrene sulfonate sodium salts are rather preferable standards for molecular 
weight calibration of HS [9,12,20], and were used in this study. The selected molecular 
weights for the calibration were 1100, 3610, 6530, 14 900, and 32 900 Da. The void and 
total volumes of the column were 8.4 mL and 23.6 mL, as determined using blue 
dextran and acetone, respectively.  
The phenolic arenes, benzoic acids, aniline derivatives, and polycyclic aromatic 
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hydrocarbons with two or more benzene rings are thought to be common structural units 
in HS [9], which have high molar absorption coefficients in the UV region (ca. 270–280 
nm). In this context, the wavelength for the UV-Vis detector was set at 280 nm for all 
the samples [8,9]. The chromatogram measurements were performed in duplicate.  
 
2.3. 13C NMR 
 
Chemical structural differences between the aggregated and non-aggregated 
fractions in the presence of the metal ions were investigated by 13C NMR using Fluka 
HA. The reaction of 1.0 g L−1 Fluka HA solutions with Na(I), Ca(II), and Eu(III) were 
carried out at the concentrations of 3.5 mol L−1, 4.0 mmol L−1, and 1.22 mmol L−1, 
respectively. For the Ag(I) experiment, 0.1 g L−1 Fluka HA solution was reacted with 
Ag(I) at the concentration of 12.3 mmol L−1. The high HA concentration (0.1−1.0 g L−1) 
was used to collect sufficient amounts of aggregated and non-aggregated HA for the 13C 
NMR spectral measurements. The trapped (aggregated) fractions on the filter and 
filtered (non-aggregated) fractions were dialyzed, and subsequently freeze-dried. 
Typically, more than 95% of the used HA in the reaction was recovered in the 
freeze-dry processes, as estimated from the combined weight of the aggregated and 
non-aggregated HA. The percentages of the aggregated HA were 76%, 86%, 18%, and 
53% for the Na(I), Ca(II), Eu(III), and Ag(I) experiments, respectively. In addition to 
the aggregated and non-aggregated HA, the 13C NMR spectrum of the Fluka HA itself 
was also measured. 
All solid-state NMR experiments were carried out at 6.9 T (74.18 MHz for 13C) 
using a JEOL ECA-300 NMR spectrometer and a JEOL 4.0 mm CP-MAS probe. All 
samples were spun at 14 kHz and at 298 K. At this spinning rate, the temperatures in all 
sample rotors were calibrated at 324 K by 207Pb NMR experiments on Pb(NO3)2 [21]. 
The 13C chemical shifts were calibrated in ppm relative to TMS by taking the 13C 
chemical shift for the methane 13C of solid adamantine (29.5 ppm) as an external 
reference standard. For the 13C 1D spectra, the echo technique developed by Kunwar et 
al. [22] was applied using the following condition: total echo time = 71.4 µs, relaxation 
delay = 4.0 s, number of scans = 32 000 (Fluka HA, Na(I) aggregated, Na(I) filtered, 
Ca(II) aggregated, Eu(III) filtered) or 64 000 (Ca(II) filtered, Eu(III) aggregated, Ag(I) 
aggregated, Ag(I) filtered), and 1H decoupling power = 120 kHz with the TPPM 
technique [23]. All spectra were broadened with a single-exponential function at 20 Hz. 








Free metal ions in the solutions should have been present in the forms of Na+ 
(pH 5−6), Ag+ (pH 6–7), Ca2+ (pH 6.5–7.5), and Eu3+ (pH 5–6) at the measured pH 
ranges used (Geochemical Work Bench 7.0, RockWare, Golden, USA). In the presence 
of Na(I), the absorbances of both HAs gradually decreased as the concentration of Na(I) 
increased (Fig. 1a). At the maximum concentration (3.5 mol L−1), the remaining 
absorbance values for the Fluka and IHSS HAs were about 40% and 60%, respectively. 
In the case of Ca(II), the absorbances of both HAs decreased slightly up to 3 mmol L−1 
of Ca(II), followed by a sharp decline in absorbance values above this concentration 
(Fig. 1c). The remaining absorbance values were 34% and 33% for the Fluka and IHSS 
HAs, respectively, at the maximum Ca(II) concentration (20 mmol L−1). 
Absorbance values for Ag(I) and Eu(III) (Figs. 1b and 1d, respectively) 
remained fairly stable up to certain metal concentrations, followed by sharp declines 
above particular concentrations. The critical concentrations for the Fluka and IHSS HAs, 
respectively, were 9 and 11 mmol L−1 for Ag(I), and 40 and 45 µmol L−1 for Eu(III). The 
critical concentrations for Fluka HA were always lower than the values obtained for 
IHSS HA.  
 
3.2. HPSEC chromatograms 
 
Figs. 2 and 3 show changes in the HPSEC chromatograms as the concentration 
of the metal ions increased in the Fluka and IHSS HA samples. In the absence of metal 
ions, the chromatograms of both HAs had two peaks, at retention volumes of 8.4 mL 
(peak 1) and ~9 mL (peak 2), i.e., in the molecular-weight ranges >8000 Da and 
1000–8000 Da. As shown in Figs. 2 and 3, the chromatograms changed in a similar 
manner for both the Fluka and IHSS HAs for a given metal ion. A clear preferred 
reduction in the peak area at lower retention volumes (corresponding to peak 1) was a 
distinct feature in the presence of Na(I) and Ca(II), along with an increase in Na(I) and 
Ca(II) concentrations (Figs. 2a, 2c, and 3a, 3c). The preferred reduction is expected to 
reflect the selective aggregation of larger molecular size fractions to be removed by 
filtration. Such selective aggregations of HS species in the presence of Na(I) and Ca(II) 
have been noted previously [4,14]. Contrastively, both peaks 1 and 2 were concurrently 
reduced with an increase in Ag(I) and Eu(III) concentrations (Figs. 2b, 2d and 3b, 3d).  
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Fig. 4 shows the peak height ratios of peak 1 to peak 2 (peak 1/peak 2) as a 
function of metal ion concentrations. For the chromatograms where peak 1 was 
significantly attenuated and no longer detectable, chromatogram intensities at the 
retention volume of 8.4 mL were used. The peak height ratios decreased rapidly 
compared with the absorbance values as a result of increases in the concentration of 
Na(I) (Fig. 4a). For example, the observed decreases in the percentages of the peak 
height ratios for both HAs were about 90%, whereas the absorbance decreases were 
about 40% for Fluka HA, and 60% for IHSS HA at 3.5 mol L−1 Na(I). In the case of 
Ca(II), the peak height ratios and absorbance values decreased similarly (within 10% 
difference) as the concentration of Ca(II) increased from 2.0 to 20 mmol L−1 (Fig. 4c). 
In contrast to the results obtained with Na(I) and Ca(II), the peak height ratios 
remained fairly stable, compared with a significant reduction in the corresponding 
absorbance values, when examining Ag(I) and Eu(III) (Figs. 4b and 4d, respectively). 
For example, 75% reductions in the Fluka and IHSS HA absorbance values were 
observed for Ag(I) concentrations of 11 and 14 mmol L−1, respectively; however, only 
5% and 20% reductions in the corresponding peak height ratios were measured (Fig. 4b). 
Reductions of more than 80% and 70% in absorbances at Eu(III) concentrations of 42 
and 50 µmol L−1 for the Fluka and IHSS HAs, respectively, were accompanied by 5% 
and <20% reductions in the corresponding peak height ratios (Fig. 4d). These stable 
features of the peak height ratios are indicated by vertical arrows in Figs. 4b and 4d, 
respectively.  
Further increases in the Ag(I) and Eu(III) concentrations beyond their critical 
concentrations, however, caused significant peak height ratio reductions in both HAs. 
The ratios decreased by about 60% at Ag(I) concentrations of 14 and 18 mmol L−1 for 
the Fluka and IHSS HAs, respectively (Fig. 4b). In the presence of Eu(III), the peak 
height ratios decreased by 90% for Fluka HA and ~70% for IHSS HA at concentrations 
of 50 and 70 µmol L−1 of Eu(III), respectively (Fig. 4d). The peak height ratio reductions 
reflect selective aggregation of larger molecular size fractions. 
In the initial stages of HA aggregation, where the absorbance reduction was 
<30% of the original absorbance, the peak height ratios were found to increase (by up to 
30%) as the Na(I), Ca(II), and Eu(III) concentrations increased. These features are 
indicated by oblique arrows in Figs. 4a, 4c, and 4d. The enhancements in the peak 
height ratios indicate selective aggregation of smaller molecular size fractions during 
the initial stages of HA aggregation.  
 




In the 13C NMR spectrum of Fluka HA (Fig. 5a), two strong peaks appeared 
between 30 and 40 ppm, and weaker peaks appeared at ~17 and 26 ppm. These peaks 
are assigned to methane, methylene, or methyl carbons, and are sharper than all the 
other peaks in the 13C NMR spectra. These sharp peaks indicate that Fluka HA have a 
significant amount of homogeneous structures containing aliphatic carbons, because 
heterogeneous structures broaden the 13C peaks. 
In the presence of Na(I) and Ca(II), the peaks for aliphatic carbon (5–60 ppm) 
were evident in the aggregated HA (Figs. 5b and 5f, respectively) but not evident in the 
non-aggregated HA (Figs. 5c and 5g, respectively). Contrastively, the spectral shape of 
aggregated and non-aggregated HA were similar to each other in the presence of Ag(I) 
or Eu(III) (as can be seen by comparing Figs. 5d and 5e, or Figs. 5h and 5i, 
respectively). 
The spectral features for the aggregated HA strongly depended on the 
associated metal ions. In particular, the strong peaks between 30 and 40 ppm in 
Na(I)-aggregated HA were attenuated, especially in Ag(I) and Eu(III)-aggregated HA. 
The portion of aromatic carbon (110–165 ppm) in the Ca(II)-aggregated HA was 
relatively enhanced, while that of acetal carbon (92–110 ppm) became prominent in the 
Ag(I) and Eu(III)-aggregated HA. The spectra for non-aggregated HA were also 
different from each other.  
 The 13C NMR spectrum of an organic molecule can be altered upon 
complexation of metal ions owing to distortion of electrical change density of the 
molecule, affecting 13C nuclear magnetic shielding [24–27]. The HA spectral 
dependence on the present metal ions indicate different manner of interaction between 
HA and the metal ions. The similarity of the spectrum of Na(I)-aggregated HA to that of 




4.1. Electric-field screening 
 
Ong and Bisque [2] suggested the DLVO 
(Derjaguin–Landau–Verwey–Overbeek) theory [28,29] as the mechanism of humic 
colloidal aggregation. In this theory, colloidal stability is determined by two competing 
forces between colloids: Van der Waals–London attractions and electrical repulsions. 
Since the attractive force is independent of the solution conditions, it is the electrical 
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repulsions that are reduced as the ion concentration increases. Both surface charge 
reduction by bound ions on the surface and electric-field screening can reduce the 
electrical repulsion. The latter effect is quantified by the Debye length (rA). This is the 
length perpendicular to the colloidal surface where the electric potential decreases by 





where !i is the concentration of ion “i” (m!3), e is the charge on an electron (C), zi is the 
valence of ion “i,” " is the dielectric constant of water, "0 is the permittivity of a vacuum 
(C2 N!1 m!2), k is the Boltzmann constant (J K!1), and T is the absolute temperature (K). 
The Debye length decreases as the ionic concentrations and valences increase. Shorter 
Debye lengths enable colloids to approach each other, leading to aggregation. 
If the electric-field screening effect is the dominant cause of HA aggregation in 
the presence of the studied metal ions, the Debye lengths should be very similar when 
the solution conditions favor substantial aggregation, regardless of the metal ion type. 
Table 2 shows the Debye lengths when the solution conditions reduced the absorbance 
values by nearly half the values observed under the initial conditions. In the calculations, 
metal ions were assumed to be in free states, without binding to HA. The Debye lengths 
were 0.16!0.22 nm for Na(I), 2.68!2.91 nm for Ag(I), 2.28!2.50 nm for Ca(II), and 
17.6!19.2 nm for Eu(III). The marked differences suggest that the electric-field 
screening effect cannot be the only cause of HA aggregation. Humic colloidal surface 
charge reduction by the binding of metal ions must also be considered [6]. 
 
4.2. MSD-dependent aggregation 
 
As the colloidal size increases, the electric charge for a colloidal particle also 
increases, assuming a constant charge density of the colloid. The electrical repulsion 
energies between large colloids should therefore be higher than those for smaller ones. 
In contrast, the colloidal kinetic energy is a function of only temperature and is 
independent of colloidal size. Smaller colloidal particles can therefore approach each 
other more easily, without the effects of strong electrical repulsion, resulting in 
aggregation [28]. The selective aggregation of smaller molecular size fractions, as 
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reflected by the enhancement in peak height ratios at the beginning of aggregation 
(oblique arrows in Figs. 4a, 4c, and 4d), may be explained by this mechanism.  
At higher metal ion concentrations, however, selective aggregation of larger 
molecular size fractions was observed, especially in the presence of Na(I) and Ca(II) 
(Figs. 2a, 2c, and 3a, 3c). The 13C NMR spectra revealed that the aggregated fractions in 
the presence of Na(I) and Ca(II) were rich in aliphatic carbons (Figs. 5b and 5f, 
respectively). Enriched levels of aliphatic carbons in HA aggregates in the presence of 
Ca(II) were also observed by Christl and Kretzschmar [30] using C-1s near-edge X-ray 
absorption fine structure spectroscopy. Considering the hydrophobic character of 
aliphatic carbons [29], the enrichment of aliphatic carbons in the aggregates is 
reasonable because hydrophobic colloids can aggregate more readily than hydrophilic 
colloids, as a result of both hydrophobic interactions and hydrophilic repulsion effects 
[29]. We inferred that larger molecular size fractions of HA are enriched in aliphatic 
moieties [15,31,32] rendering hydrophobicity of the fractions, thus having a higher 
tendency to aggregate. The gradual decrease in the absorbance as a result of the increase 
in Na(I) and Ca(II) concentrations (Figs. 1a and 1c, respectively) would reflect gradual 
HA aggregations from hydrophobic large molecular size fractions to hydrophilic 
smaller ones. 
In the moderate pH condition, the 1:1 binding constant (K) of HA with metal 
ion is increased in the order of Ca2+ (log K ≃ 3.0 for Aldrich HA [33]) < Ag+ (log K ≃ 
4.0 for lignite HA [34]) < Eu3+ (log K ≃ 6.0 for Aldrich HA [16]). The affinity of Na(I) 
to HA should be lower than that of Ca(II), by considering the monovalent character of 
Na(I) ion (Na+). The higher affinity of Ag+ than that of Na+ is attributed to the 
“softness” of Ag+ in terms of the concept of hard and soft acids and bases (HSAB) 
theory [35]. The low affinity of Na(I) and Ca(II) corresponds to non-specific binding of 
these metal ions with HA [18,36]. Without direct binding to HA, Ca(II) and especially 
Na(I) should significantly reduce the electrical repulsion between HA colloids by the 
electric-field screening effect, preserving intrinsic hydrophobic heterogeneity of the 
HA. 
In contrast, Ag(I) and Eu(III) directly bind with HA at their proton-exchange 
sites [18,36–38]. The direct binding of these ions with HA should reduce the surface 
charges of the HA [6], as expected from the longer Debye lengths, especially for Eu(III) 
(Table 2). The binding of these ions could also increase the hydrophobicity of the bound 
sites of HA [3,6,39,40]. Therefore, the insignificant dependence of aggregation on the 
different MSD fractions in the presence of Ag(I) and Eu(III) (Figs. 2b, 2d, and 3b, 3d) 
may be explained by the homogenized character of different MSD fractions in terms of 
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surface charge and hydrophobicity. This homogenization probably explains the 
observed sharp absorbance decrease in the Ag(I) and Eu(III) samples at their critical 
concentrations (Figs. 1b and 1d, respectively), signifying concurrent aggregation of 
different MSD fractions. The similarity of the 13C NMR spectra between aggregated and 
non-aggregated HA in the presence of Ag(I) or Eu(III) (as is evident from comparing 
Figs. 5d and 5e, or Figs. 5h and 5i, respectively) also indicated the reduced priority of 
the aliphatic moiety of HA for aggregation. 
The decreasing trend in the peak height ratios at higher Ag(I) and Eu(III) 
concentrations compared with those observed for their corresponding critical 
concentrations (Figs. 4b and 4d, respectively) implies selective aggregation of larger 
molecular size fractions. This selective aggregation may have proceeded via the same 
mechanism as that observed for Na(I) and Ca(II), as discussed above. This observation 
is in agreement with the results of the work by Plaschke et al. [38]. This group used 
scanning transmission X-ray microscopy images and observed that some fractions in 




MSD-dependent aggregations of both Fluka and IHSS HAs in the presence of 
Na(I), Ag(I), Ca(II), and Eu(III) were investigated. In the presence of Na(I) and Ca(II), 
larger molecular size fractions of HAs, rich in aliphatic carbons, were likely to 
aggregate, whereas both large and small molecular size fractions concurrently 
aggregated in the presence of Ag(I) and Eu(III). The marked differences were attributed 
to non-specific binding of Na(I) and Ca(II), and specific binding of Ag(I) and Eu(III) to 
the HAs. Non-specific binding would preserve the intrinsic hydrophobicity of the HAs, 
resulting in selective aggregation of the hydrophobic larger molecular size fractions. 
Specific binding of Ag(I) and Eu(III) to the HAs would homogenize the surface 
characteristics of the different MSD fractions in terms of surface charges and 
hydrophobicities, leading to insignificant dependence of aggregation on the different 
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Ash and acid contents of HAs. 
 
 Ash (%) 
Acid content (meq g−1)a 
–COOH Total acidity 
Fluka HA 16.07b 0.84 (1.01)b 6.26 (7.46)b 
IHSS peat HA 1.72c 4.95 (5.04)d 6.09 (6.20)d 
 
a	 Values of acid content in parentheses are from ash-free samples 
b	 Novák et al. [41] 
c	 Huffman Laboratories, Wheat Ridge, CO, USA, 
http://www.humicsubstances.org/elements.html 



























Debye lengths under solution conditions where there is a significant absorbance 
reduction (>50%). 
 
 Debye length (nm) 
 Na(I) Ag(I) Ca(II) Eu(III) 
Fluka HA 0.22 2.91 2.50 19.2 
IHSS peat HA 0.16 2.68 2.28 17.6 
 
In the calculations, metal ions were assumed to be in their free unbound state. The 
Debye length for Na(I), in the case of IHSS HA, was calculated at the maximum Na(I) 
concentration (3.5 mol L−1), where the absorbance was reduced by less than 50%. 
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Fig. 4 
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Fig. 5 
 
 
 
